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ABSTERACT

The azrodynamic roughness of the extremely complex
terrain at ‘inite 8ands Miscile Ranre has been erxamined
threugh the analyses of wind and temperature rrofiles
meacured on the €2-meter meteorological recearch tower.
The roughness lenpth z, was considered as a function of
the season and the direction of the mearn flow. There

¥ag an apparerm: correlntion between the roughness length
and the prowing seascn with variations in z, from approxi-
mately 10 ¢m in January to 22.5 em in Jvly. Variations

of nearly 50 em werc noted when z, was considered on a
directional basis.,
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INTRODUCTION

The determination of the aerodynamic roughness of the
surface in the immediate vicinity of a data collectior site
is a basic requirement cf any study pertaining to the tur-
bulent cha—acteristics of the planetary boundary layer.

An aerodynamically rough surface may be defined as one on
which the irregularities are large enough to prevent the
formaticn of a laminar svblayer so that the mean flow is
effectively turbulent down to the surface (Schlichting,
1960). If the surface is homogenecus with a random dis-
tribution of roughness elements, the roughness length may
be determined from surface draz measurements, observed
neutral profiles, or thermally stratified data and appli-
cation of diabatic surface boundary layer hypotheses. The
roughness length is an indicator of the effective aerody-
namic roughness of a surface defined as the height where
the velocity profile extrapolates to zero. Unfortunately,
a homogeneous surface that allows the develapment of equi-
librium flow from all directions and cduring 11 seascns

is rare; thus the aerodynamic roughness becomes a function
of the local terrain and the vegetive canopy, making the
roughness length difficult to determine on a representative
basis, Experimental data must be carefully analyzed in
terms of small-scale local terrain features and in terms
of the growing season.

The purpose of this paper is to examine the roughness
length ol the terrain in the .cirity of the 62-meter met-
eorological research tower at White Sands Missile Range as
a function of season, wind direction, and ‘he veretive can-
opy. The terrain in the tower locale is extremely corplex
and not homogeneous in all directicnc, but is considerea typicel
for WSMR, Consequently, the mean flow is nct in equilibrium
with the surface at all times,

SITE DESC:IPTION

The tower is located in an area that consists of small
brush-covered hillocks one to three meters hirh and rardomly
distributed. ratches of sand, ;ravel, native vegetaticn,

i.e., bunch grass, pigweed, and Russian thistle (tumbleweeds)
are intersperced between hilloecks. The trushy porticn of the
vegetation consists of mesguite, greasewood, ard desert willow,




Modifications to the natural terrain such as clearing,
leveling, construction of buildings, etc. contribute to the
overall heterogeneity of the surroundings since the tower
is located in an area of extensive human activity. A por-
tion of the natural terrain west of the tower remained un-
disturbed and provided a quasi-homogeneous fetch of aporoxi-
mately L kilometers from 220 degrees through 350 degrees,
during the first data collection pericd from April 1956
through April 1960. The determination of the roughness
length has been res*ricted to the times when the mean wind
was acrocs this 130-derree sector.

Modification to the terrain in this sector occurred
during the seccnd data collection veriod from January 1962
through October 1963. Avorroximately two acres were cleared
and leveled west of the tower site, giving an 85-meter fetch
across bare sand to the natural terrain and vegetation. This
new roughness discontinuity altered the mean flow turbulent
characteristics of the exverimental site drastically,

Data collected in the first observational period are
representative of equilibrium €low over a quasi-homogeneous
surface, whereas those of the second rerisd possess non-
homogenecus turbulent characteristics,

THE RQUGHNESS LENCTH

Sutton (1953} states that the rouchness lensth of a
surface mav be avrroximated from

25 T C/C (1)

where 2 _ is *he rouphness lenpgth, ¢ the averare heirht of
the rouchness elements, and C is a constant usually taken
as numericallv equal to 30 based on the work of Uikuradse
(See Sutton, 1953, and Schiichting, 1960).

For conditions of ™12y reurh turbulent €low in the
surface boundary lover o: *he a*mesnhere in neutral strati-
fication, the differential equation for the velocity profile
may be .ritten as
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where V is the mean horizontal velocity, u, the dynamic

friction velocity, k is Karman's constant and 2z is height,
Interration yields

= Ug
V= (ln ;_O) (3)

where z bec-mes a constant of intecration. Over extrermely
rough sgrfaces, those covered with high veretation, i.e.,
cereal ~rains or trees, the velocity profile bteccrmes mere
complex and (3) does not hold. An empirical correction in
the Torm of a rero-vlane displacement facter, 4, can be
introduced in the form

Equaticn (L) may be stated ags (Lemon, 1963)

2 z + 0
T o+o=t On (A)) ()
z, k L

where z 1s the peometric ncan cf the levels ¢f interest ind
D =g +bz , the "effectiveness displacerent parameter”,
EquationsO(B), (L), and (5) ray be rolved rrarhically or
alypebraically for numerical values of D, d, and 7 _ if rerre-
sentative neutral wind orofiles are availalile.

1" the atraosphere is *herrmally stratifiod, enusticns
shrcueh (5) no lonper @ r
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where y(z/L') is a universal function and L' is the Panofsky,
Blackadar, and McVehil (1960) gradient leneth, Equation (6)
predicts a straight line if the velocity is plotted as a func-
tion of 1n z - y with z, as the intercept.

The universal function y(z/L') is a stability correction
factor that has been developed empirically outside the basic
structure of the Monin-Obukhov Similarity Theory to compensate
for thermal stratification effects on the wind profile. A
reasonably good fit to experimental data can be obtained with
Equation (6) in the stability range 0.08 > Ri > -0.10 (at a
reference height of 1.5 meters) where Ri is the gradient form
of the Richardson nmumber,

Restrictions on the use of Equations (3), (5), and (6)
for graphical or algebraic determination of the roughness
length for an experimental data site depend on the thermal
stratification of the boundary layer, surface homogeneity,
or lack of it, stationarity of the mean flow and growth or
decline of the vegetive canopy. With these limitations and
restrictions in mind, experimental data measured on the 62-
meter research tower were used to determine the roughness
length of the typical terrain of hite Sands Missile Range.

THE AERODYNAMIC ROUGHNESS OF
AN EXTREMELY COMPLEX TERRAIN

During the 25-month period from Anril 1958 to April
1960, 1611 profiles of wind and temperature for the first
62 meters of the planetary boundary layer were collected,
The raw data consisted of l0O-minute averages from nine levels
on the tower observed eight times a day (0100, 0L0O, 0700,
1000, 1300, 1600, 1900, and 2200 hours MST). Analyses of
these data by Carnes (1961), Tourin and Hoidale (1961), and
Swanson and Cramer (1965) indicated that a majority of the
samples had been otscrved under conditions that vere suffi-
ciently stationary and homogenegus to permit detailed analy-
cis of the data to establish the aerodynamic roughnes: of
the surface,

Cwing to the nature of the terrain and the effect of
vegetation on the apparent surface roughness, the analysis
considered the season and the mean wincd direction across
the 130-degree sector to compensate for the homogeneous
surface., DIrofiles observed during the afternoon hours were



treated with caution owing to the possibility of induced
error (McCready, 1966).

Usable prcfiles were first classified by stability
regime, utilizing the nine regime scheme of Hansen (1966).
Richardson numbers for each profile were computed from

Ri = 5= AQAT"{ s 2 ln-z—z- (7)
T (8u) + (av) E 1

where g is the acceleration of gravity, T the mean tempera-~
ture in degrees Kelvin, u and v the north-south and east-
west commonents ?f the mean wind, ;T the adiabatic lavse rate
(=0.0098 der ¥m™-), and z_ the ccometric mean of the layer

z, - 2. where the subscriFts indicate the level of interest.
O%ly tﬁose vrofiles where the value of ®i was within the
limits 0.08 » Ri » -C.L at 7.4 meters were used in the analy-
gis, with emphasis on neutral wnrofiles when possible. Graph-
ical solutions to Equations (3), (5), and (6) were fitted to
the experimental tower data for observations below approxi-
rately 16 meters. Above this level, direction can no longer
be considered invariant with height, and the approach to the
geostrophic wind enters into the solution, Stability cor-
rections to the diabatic profiles were obtained from Yansen
(1966a) and are based on the KEYPS function which is consider-
ed the most reliable and simplest to use of the Similarity
Theory log-linear profile hyrotheses.

Averape values of the roughness lenzth for the research
tower site by time of year and wind direction are shown in
Figures 1 and 2, There is a correlation Letween seasonal
values and the crowing season, with minimum z_ occurring in
January and a maximum in July which represents the rainy sea-
son for the area. The directional deperdence of the rough-
ness length correlates very well with the isoline analysis
?f zﬂg turbulence intensity measurcments of Horn and Trawle

19 L

The second observational veriod of 1962-1963 gave ap-
proximately 2000 hours of data that are considered to be non-
homogeneous owing to the roughness discontinuity created by
the sandy area west of the tower site, Sutton (1953), Priestley
(1959), and Lumley and Panofsky {196L) show that thc roughness
of bare sand shculd yield a z, value on the order ¢f C.1 cm,
while Sellers (1965) indicates z,'s in the neighborhood of



0.0% to 0.0% om for a similar soil surface near Tucson,

Arizona. Application of graphical vrofile avalj°i= Lech-
niques to selected samrles of the 1%67-
0
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cenditions exicting at the nlane of measurement result

the erronecus 1,99 c¢m rcughness length for the vare s

fetebh as commared with the inferred vul1e sf 7,1 em.
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Panofsky (1963) has cemor:s’rated the effect .f disturbtin
the natural vegetation of an area .~en the experimental site

ng
i3

was mowed during the Great “lains Turtuience Study {See Lettau

and Davidson, 1957), changing the roughness length approxi-

mately 30 percent. Halstead (19%7) has showm that the surface

roughness at the G'Neill, Nebtraska, site of Project Prairie
Crass (See Haugen, 1958, and Darad, 1959) varied from 0.2 to
1.1 cm owing to changes in vegevr-tion and to differences in
wind direction acrcss a suasi-homorenesus terrair. These
rauses and effects exist at the WSER tower site, The change
of surface roughness, as a function of wird direction and

season, is directly attributable tc¢ the erouth and defoliation

of the vegetive canopy and a nonuniforr terrvain,

The current investigation reveals that the terrain in

the vicinity of the tower is extremely rouch and nol homogensz-

ous with wind direction or seasons. The mean of 211 rourgh-
ness lencths deterrined for the site was 17.4 com., An inspec-
tion of Fipures 1 and 2 reveals that this i: a reasonatle
value for thn annual rou~hness re-~ime, but conld be urreal-
is.ic, especially when the directional deta are consicdered,
The best fits to exverimental data are obtained by use of the
directionnl rourhriess lenpth values, ﬁ]though the anmual
rerirme curve will wield accertaltle results within the limit
of exrverirertal crror (: 10 per cent). For wind directioas
other than ihose within the 130~derrec sector, it was fcond
that a reascaable estimate for z  was anprovlmately 20 cm
which cives solutions within + 28 ner cent.




»

5
3
L4

.:‘_
@t

RO ETICERR

wl s

* was noted that 3 zero olane cisrlacerment correction
to *the exrerimental data was not nececesary even during the
vericds in which the vrushy vortion of the veretation was in
A1 lea?, It anmears that the nardy desert bush is flexitle
to the roint that Iittle or nc tendinrs oceours evan with obrisk

wing ccnaitions.

‘he terrain r*oc‘i_“iC.:ztj.on, which cceurred hefore the
1902-1563 daota ccllection preriod, resulted in a rouzhness
+

dizcontinuity of arcut 100-220 to 1, arrroximately 2 reters
west of the *over. An investi-ation of wind and tempzrature
rrofiles observad vhen the rean flow wzs acrcss the discon-

"—A“E‘ng” ot

al rncmerntum
Fa ) [N -
ately o.5 meters
s with nyrothecses of
;1Aot* ’195: and Tancfsiy and Tovmsend {1944} that predict
the interface <o have z height-to-fetch ratio of 1:10.

The atrupt rou
I

rammitude of the lateral and lCPg;tuﬁi.QL irtensities
wurbulence observed at the tower arc weted by Hhncen (1966)
who found few differeaces in these marareters when they were

- . er

commarad with vaiues of Swanson and Cramar (1948) fcr the
165721940 data, The raior eontribvtian of surface discon-
tinuity was the reaeratior of nonequiiibriwn flow and the
internal mopentns towncdary.

(&1

CONCLYEINNS
el

The aerodynamiﬂ roughness of an exverirental site may
eternined from the analiveis of wind and temverature »nro.
iles if the mean W 13 considered to be stztienary and

I acrose a snfficiently long u ™ Yetch to in.
AT ~ﬂnc1**ons. The crout ve
siiyht qmun;:')rmt es in the surface
directlen are olher congiderations., 7 .
of & sparsely vesctated and extremely uneven n
determinec if cauticn is excrcised ir the awalvsir of
ryrovile fdata,
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hecifications to the natural ‘errair bave vear chown
1o affect the aerodimaric characteri

stics of a surface iso
thie extert that the mearn flow 1= n~ lc

neer in ecailibrous
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with the vnderlying surface. The res: Y*ant nonhcmoreneous
turbulent flow comrietelv negates the uge of conventional
rrofile analysis technicues for determinine surface rouzhe-
ness and forces ‘he use of estirmated values, The results
nresented 1n “icures 1 and 2 are ccnsidere? to e reprecent-
ative of the rourhness length in the vicinity of the (2-
meter research tower, whereas the estirate of 2,1 em for
the 55-rmoter bare feich can be in error.
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